A technique is described for embedding tissue culture cells that have been adsorbed or grown on Millipore filters. The acetone used during the embedding process rendered the filters transparent so that specific areas or cells could be chosen with the aid of the light microscope. Lymphoblastoid cells processed on the filters possessed well-defined plasma membranes and microvilli which were rarely present in cells from parallel cultures that were prepared by pelleting in the centrifuge. Fibroblast cells grown on filters retained their elongated appearance, in contrast to the rounded cells in pelleted preparations. Millipore filters were also used as a means of embedding virus pellets for sectioning. Preparations containing as few as 4 X 10 s virus particles were suitable for study by the filter technique. Crude tissue-culture harvests of vaccinia virus and purified preparations of Rauscher murine leukemia and adeno-satellite viruses were successfully examined.
technique. Crude tissue-culture harvests of vaccinia virus and purified preparations of Rauscher murine leukemia and adeno-satellite viruses were successfully examined.
One of the drawbacks of the accepted methodology for preparing tissue culture cells for thin sectioning and electron microscopy has been the need for repeated pelleting by centrifugation during the embedding process. Several recent techniques eliminate the necessity for centrifugation, and permit the cultured cells to be studied essentially in their natural state (6-8, 10, 12, 13, 15, 16, 20) . These techniques have generally involved growing the cells on a solid substrate such as a glass cover slip. The cells were then fixed and dehydrated by simple transfer of the cover slip through the fixation and dehydration reagents. Embedding was then carried out either by placing a drop of the resin on the substrate (6) (7) (8) or by restricting the resin to a certain area with gelatin capsules (10, 12, 15, 16, 20) or plastic rings (13) . These procedures have suffered from several drawbacks, the principal one being the problem of separating the embedded cells from the surface on which they were grown.
The adsorption and growth of tissue culture cells on Millipore filters and the use of these filters as a solid support for the manipulation of the cells during the embedding process, a technique which results in preparations of cells in their natural state, is described in this report. In addition, Millipore filters were used as a support for embedding and sectioning small numbers of virus particles.
MATERIALS AND METHODS

Cell Cultures and Media
Two types of cell cultures were employed in this study: fibroblast cultures of serially propagated human embryonic lung, bone marrow, and spleen cells, grown in Petri dishes in a 5% CO 2 atmosphere; and lymphoblastoid cells derived from spontaneously transformed bone marrow cultures of children with leukemia or infectious mononucleosis (3, 4) . The lymphoblastoid cells were grown either in suspension in I oz prescription bottles or in Petri dishes (in a 5%,o CO 2 atmosphere) as lymphoblastoid cell normal human embryonic bone marrow fibroblast monolayer cultures (2, 5) .
All cells were cultivated in Eagle's medium with 0.225% sodium bicarbonate (for cells in Petri dishes in a 5% CO 2 atmosphere) or 0.075%0 sodium bicarbonate (for cells in stoppered vessels). The medium was supplemented with 10 or 40% fetal bovine serum (FBS) for fibroblast and lymphoblastoid cells, respectively.
Viruses
The Indiana strain of vesicular stomatitis virus was passaged as previously described (14) . Adenosatellite virus type 4 purified by cesium chloride density gradient centrifugation was obtained from Dr. W. Parks and the Rauscher murine leukemia virus from Dr. F. J. Rauscher. The leukemia virus was purified in a potassium citrate density gradient as described by O'Connor et al. (17) . Vaccinia virus was passaged in rabbit kidney cells and used as a crude tissue culture harvest. All virus preparations were quantitated under the electron microscope by the droplet pseudoreplication technique (14) .
Adsorption and Growth of Cells on Millipore Filters
Millipore filters (Millipore Filter Corp., Bedford, Mass.), 25 mm in diameter with an average pore size of 0.45 (Millipore No. HAWP 02500), were used without prior washing. The filters were sterilized by ultraviolet light (30-60 min per side) and placed in 60-mm plastic Petri dishes. These filters were used either for adsorption of lymphoblastoid cells grown in suspension or for propagation of fibroblast cells and of lymphoblastoid cell-bone marrow fibroblast monolayer cultures.
Bottles containing lymphoblastoid cell suspensions were placed in an upright position and the cells were allowed to settle for 3-4 hr at 37°C. Then most of the supernatant fluid was removed and 0.5 ml (2-4 X 106 cells) of the remaining cell suspension was gently placed in the center of each filter. The Petri dishes were then carefully placed in a CO 2 incubator at 37°C and, after 2-3 hr incubation, the filters were harvested and fixed for electron microscopy as described below.
The procedures for cell propagation on the filters Several different lots purchased between November 1964 and August 1967 have been used with identical results.
were as follows. Fibroblast cell monolayers or lymphoblastoid cell-bone marrow fibroblast monolayer cultures were trypsinized; the harvested cells were centrifuged at 800 rpm for 10 min and resuspended in a small volume of growth medium. Approximately 0.5 ml (5-10 X 105 cells) of the suspension was allowed to adsorb to the filter for 1 hr prior to the addition of 4.5 ml of growth medium. In this medium the filters are not transparent and their behavior could not be monitored directly. Thus, as a control for the state of the culture, the same number of cells were seeded in a 35 mm plastic Petri dish. (These Petri dishes have approximately the same surface area as the filters.) The cultures were incubated in a CO 2 incubator at 37C and examined daily in an inverted Zeiss microscope. Special attention was paid to the areas around the filters to insure that the planted cells had remained on the filter and were not growing on the surface of the Petri dish instead. Filters containing the lymphoblastoid cell-bone marrow fibroblast monolayer cultures were harvested after varying periods of time, usually within 2-3 days, when the control 35-mm Petri dishes exhibited large numbers of attached lymphoblastoid cells. Filters containing fibroblast cells alone were harvested when confluent monolayers were observed in the control 35-mm Petri dishes, usually 1-2 days after seeding 1-2-day-old human embryonic lung fibroblast monolayers grown on the Millipore filters were infected with vesicular stomatitis virus (VSV) as described previously (14) . Briefly, the cell monolayers, both on the filters and in the control 35 mm Petri dish, were washed with 0.05 M tris (hydroxymethyl) aminomethane (Tris) buffer (pH 7.4). The buffer was removed by aspiration and the cells were infected by carefully placing 0.1 ml of tris buffer containing approximately 10 4 PFU of VSV in the center of the filter and in the control Petri dish. The virus was allowed to adsorb in a CO 2 incubator for 1 hr at 37°C, after which growth medium was added and incubation was continued. When the cultures reached the desired amount of cytopathic effect, as determined from the control Petri dish, the filters were harvested and fixed as described below.
In some cases the filters were cut in half before fixation. One-half was embedded and the other half was stained with hematoxylin and eosin (H and E) for examination in the light microscope.
Harvesting of Tissue Culture Cells by Pelleting
Fibroblast cell monolayers and lymphoblastoid cell bone marrow fibroblast monolayer cultures, carried in parallel with the filter cultures, were gently scraped into the supernatant fluid in the plastic dishes in which they were grown. The cells were
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TiE JOURNAL OF CELL BIOLOGY VOLUME 36, 1968 collected by centrifugation at 800 rpm for 10 min in conical 15-ml glass centrifuge tubes. They were then washed once with 0.01 M phosphate-buffered saline (PBS) at pH 7.5 to remove the serum present in the medium. Lymphoblastoid cells grown in suspension were sedimented and washed in the same manner. Fixation and embedding were carried out as described below.
Pelleting of Viruses onto Millipore Filters
Vaccinia, murine leukemia and adeno-satellite viruses were pelleted onto Millipore filters having an average pore diameter of 50 myn (Millipore No. VMWP 02500) by using special lucite inserts to fit into the lucite adapter described by Smith and Benyesh-Melnick (23). The cylindrical insert was 17 mm deep and 19 mm in diameter and contained a single central hole, 5 mm in diameter, with openings on both ends. The apparatus was assembled by first placing a piece of transparent tape over the bottom opening of the insert. Then a circular piece of the Millipore filter, 4 mm in diameter, cut with a No. 1 cork borer, was placed over the tape in the bottom of the hole, followed by a second, identical filter. The bottom filter was necessary to prevent irreversible sticking of the upper filter to the tape. The upper filter was pretreated by passing approximately 1 ml of fetal bovine serum through the filter in a Swinny adapter. (If this was not done, the acetone used during the dehydration procedure was found to completely dissolve the filter.) The insert was then placed in the lucite adapter and the assembled apparatus placed in a Spinco SW 25.1 rotor. Then the virus suspension (0.3 ml) was added and the rotor was centrifuged for 20 min to I hr at 25,000 rpm in a Spinco Model L ultracentrifuge. The rotor was allowed to stop under braking. The supernate fluid was carefully removed by suction, and the filter was lifted out with forceps and processed as described below.
Fixation, Dehydration, and Embedding
The same procedure was used for filters containing cells or virus pellets. Prior to fixation the filters were washed once in 0.01 M PBS at pH 7.5. This was done by transfer of the filter with forceps to a Petri dish containing the buffer. Fixation in 3 % glutaraldehyde in PBS was carried out for a minimum of 18 hr, followed by postfixation in Dalton's chrome-osmium (9), and dehydrated through alcohol. The 50% alcohol bath contained 2% uranyl acetate. The filters were then placed in acetone for 15 min, in Araldite: acetone (1:1) for 30 min, and finally in Araldite. The resin was polymerized at 35, 45, and 60C for approximately 12 hr each. In the acetone bath the filters became transparent; this enabled the cells in the final preparations to be visualized under the light microscope.
The fixation and dehydration steps were carried out in plastic Petri dishes. Embedding and polymerization were done in disposable polyethylene beakers (15 ml size), which had been cut off about 1 cm from the bottom. The slanted wall of these containers allowed for easy "popping out" of the polymerized resin. It should be noted that after dehydration, the filters were transferred to the polyethylene beaker and the remaining acetone and embedding steps carried out in the same container.
Cells pelleted by centrifugation were fixed, dehydrated, and embedded in the same solutions used for the filters; the only difference in the process was the need for pelleting of the cells between steps.
The sections of both filters and cell pellets were poststained in lead citrate (19) . Thin sections were cut on a Porter-Blum ultramicrotome with glass knives and examined in an Hitachi 11B electron microscope. Photographs were taken at instrument magnifications of 950, 5000, and 15,000.
RESULTS
Lymphoblastoid Cells
When lymphoblastoid cells were grown on filters as mixed cultures with human bone marrow fibroblasts, they formed distinct microcolonies readily detected under the light microscope in Hand E-stained preparations (Fig. 1 a) . In the embedded preparation, after postfixation with chrome-osmium, these microcolonies appeared as black dots, and the fibroblast monolayer, depending on the number of cells, was light or dark brown in color. A thin section through one of the microcolonies is seen in Fig. 1 b. The filter pores are visible at the bottom of the field; however, the top of the microcolony in this case would be many cells higher than the top of the field shown. It can be seen that the cells were growing as loose aggregates and the morphological integrity of each cell was evident. By contrast, the lymphoblastoid cells from suspension cultures that were only adsorbed to the filters were found in much smaller aggregates (Fig. 2 a) close to the filter.
Lymphoblastoid cells were also prepared for thin sectioning, parallel with the filter cultures, by pelleting in the centrifuge (Fig. 2 b) . These cells were packed together much more closely than those on the filters and usually the detail of the cell membranes could no longer be resolved; this made it difficult to distinguish one cell from another. No difference in the morphology of the intracellular structures was observed between the pelleted cells and those prepared on filters. FIGURE 1 a, light micrograph of microcolonies of lymphoblastoid cells (infectious mononucleosis strain C76) grown in the presence of human embryonic bone marrow fibroblasts on a Millipore filter and stained with H and E. X 50. b, electron micrograph of a thin section through a microcolony of lymphoblastoid cells (leukemia strain L112) that were grown on a Millipore filter (F). Note the loosely packed cell aggregate. X 4200.
One of the major advantages of the use of the Millipore filters was the excellent preservation of the plasma membranes and the microvilli. The intermingling of the microvilli from adjacent lymphoblastoid cells that were grown on the filters was clearly evident (Fig. 3 a and b) . In contrast, the plasma membrane of the cells prepared by pelleting was often distorted or lost, and the microvilli were rarely observed (Fig. 3 c) .
Fibroblast Cells
A second morphological feature preserved by the use of the filters was the characteristic shape of the fibroblast cells. Human embryonic spleen fibroblasts propagated on the filters appeared as elongated cells, with the cell processes penetrating into the pores of the filter (Fig. 4) . A multilayer cell arrangement was often observed, with a clear delineation of the individual cell membranes. By 234 THE JOURNAL OF CELL BIOLOGY VOLUME 36, 1968 FIGURE 2 a, electron micrograph of lymphoblastoid cells (infectious mononucleosis strain AM39) that were grown as suspension cultures and adsorbed to the Millipore filter (F). Small groups of these cells are seen in close proximity to the filter. X 4200. b, electron micrograph of lymphoblastoid cells (leukemia strain L112) that were prepared for embedding by pelleting in the centrifuge. These cells were carried in parallel with those illustrated in Fig. 1 b. Note the tightly packed cells with flattened and distorted cell membranes. X 4200. contrast, pelleted spleen or lung fibroblasts were always visualized as rounded cells. Human lung fibroblasts were grown on filters and infected with vesicular stomatitis virus. In addition to the extracellular virus particles that were observed in the sections, particles were also seen budding from the cell membrane (Fig. 5) . The double layer of the plasma membrane of the host cell was continuous with that surrounding the virus. The transverse striations of the virus particles were also evident.
Virus Pellets
0.3 ml of a crude tissue culture harvest of vaccinia virus containing 4 X 108 physical particles was sedimented in a 50 mg filter as described under Materials and Methods. Sections through the filter preparation revealed many of the 230 X 300 mu particles characteristic of this virus (Fig.  6 a) . As can be seen, the virus particles were distributed throughout the mass of cell debris that was also pelleted onto the filter. The particles were almost solely at the surface of the 50 mg 238 THE JOURNAL OF CELL BIOLOGY VOLUME 36, 1968 filter and were not found to penetrate the filter pores. The fine structural detail of the virus was clearly evident at higher magnifications (Fig. 6 b) .
With the Rauscher murine leukemia virus, thin sections were cut through filters that had received 1 X 109 physical particles. Since the virus had been partially purified, little extraneous cell debris was found in this preparation (Fig. 7 a) . With this preparation, virus particles (80-100 mu) could be seen to penetrate the pores of the filter (Fig. 7 a) . The outer membrane and internal nucleoid of the virus particles were readily resolved at higher magnifications (Fig. 7 b) .
Thin sections were also made through a filter receiving approximately 2 X 101 physical particles of the adeno-satellite virus (size 20 mu). Owing to its small size, this virus was found to easily penetrate and fill the upper pores of the 50 mgu filter, while the lower pores contained particles that apparently coated the filter (Fig. 8 a) . The arrangement of the packing of the pelleted virus particles in an area above the filter is illustrated in Fig. 8 b.
DISCUSSION
Lymphoblastoid and fibroblast cell cultures were employed to demonstrate the advantage of using Millipore filters as a solid substrate for thin sectioning and electron microscopy of tissue culture cells. Parallel preparations of cells that were pelleted by low-speed centrifugation were used for comparison.
The morphology of the fragile lymphoblastoid cells prepared by pelleting was similar to that reported previously (18) . While there was no detectable difference in preservation of intracellular structures between cells adsorbed or grown on filters and the pelleted cells, the well-preserved plasma membrane and the microvilli were consistent features of the filter cultures. In contrast the plasma membrane of the pelleted cells was often distorted and microvilli were rarely seen.
The fibroblasts studied appeared as rounded cells after pelleting, but the filter-grown cells retained their characteristic, elongated shape and their overlapping growth as described (8) . As with the lymphoblastoid cells, the plasma membranes and microvilli were well preserved, and the growth of the cell into the pores of the filter was evident.
It was also possible to study virus infection of fibroblast cells grown on the filters. In particular, this technique should be advantageous for the study of the development of those viruses that bud from cell membranes, such as vesicular stomatitis virus reported in this study, since the membranes were well preserved in the filter-grown cells.
In addition, it has been possible to locate foci of infected cells in the fixed and embedded monolayer under the light microscope. These foci can then be sectioned without large numbers of unnecessary sections through normal cells, as is often the case with cells that have been pelleted. We have been able to locate measles virus and cytomegalovirus foci of infection by this technique.
Millipore filters or similar acetate cloths have been used by other workers as a substrate in organ cultures (11, 22) . More recently, Millipore filters have also been employed in studies of buffy-coat cells in implanted diffusion chambers by Ross and Lillywhite (21) . However, in this study the function of the filter was merely to restrict the mass of tissue which was then processed by embedding for either histological or ultrastructural examination.
It has been customary to pellet viruses into the bottom of cellulose nitrate tubes and to scrape off the resulting pellet and carry it through the embedding process. In order to insure that the resulting pellet will not be lost during embedding, a large concentration of virus particles (over 1010 per ml) must be used. However, in many studies, such as the examination of density gradient bands, this quantity of virus is not available. As a result, smaller pellets are often lost. In the present study, as few as 4 X l0 s virus particles could be successfully pelleted and embedded on the Millipore filters. It was possible to examine the morphology of the viruses on the filters whether the viruses were large or small and whether they were in highly purified preparations or crude tissue-culture fluids. Baudhuin et al. (1) also have recently studied subcellular fractions with minimum distortion by filtering and collecting cell lysates on a Millipore membrane.
For pelleting viruses we have thus far used only Millipore filters with an average pore size of 50 mu. It appeared that the large vaccinia virus did not penetrate through the pores, while the smaller Rauscher leukemia and adeno-satellite viruses did. However, since the vaccinia virus was a crude preparation, one cannot rule out the possibility that the cell debris acted as a barrier. Further experiments with crude and purified viruses of different sizes and with filters of different pore diameters are underway to clarify this point.
It is felt that the utilization of Millipore filters, as described in the present study, will be useful for further studies of cultured cells in their natural 242 TIE JOURNAL OF CELL BIOLOGY VOLUME 36, 1968 state, for studies of virus-cell interactions, particularly at cellular surfaces, and for studies of the ultrastructure of small quantities of virus particles.
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